The operation of ion channel sensors is mimicked with functionalized polymeric membrane electrodes, using a surface confined affinity reaction to impede the electrochemically imposed ion transfer kinetics of a marker ion. A membrane surface biotinylated by covalent attachment to the polymeric backbone is used here to bind to the protein avidin as a model system. The results indicate that the protein accumulates on the ion-selective membrane surface, partially blocking the current induced ion transfer across the membrane/aqueous sample interface, and subsequently decreases the potential jump in the so-called super-Nernstian step that is characteristic of a surface depletion of the marker ion. The findings suggest that such a potential drop could be utilized to measure the concentration of protein in the sample. Because the sensitivity of protein sensing is dependent on the effective blocking of the active surface area, it can be improved with a hydrophilic nanopore membrane applied on top of the biotinylated ion-selective membrane surface. Based on cyclic voltammetry characterization, the nanoporous membrane electrodes can indeed be understood as a recessed nanoelectrode array. The results show that the measuring range for protein sensing on nanopore electrodes is shifted to lower concentrations by more than one order of magnitude, which is explained with the reduction of surface area by the nanopore membrane and the related more effective hemispherical diffusion pattern.
Introduction
Electrochemical affinity biosensors typically require an amplification step in order to reach attractive detection limits. This is typicallynormally accomplished by coupling the biochemical recognition step to a catalytic amplification with enzyme labels, 1 the dissolution of nanoparticles 2, 3 or liposome labels, 4, 5 similarly yielding a multitude of detectable species for each binding event. Ion-channel mimetic sensors represent another direction to yield a chemical amplification step, and are especially suited for surface confined binding events. Different types of ion-channel sensors have been developed, and pioneering work in this direction was performed on metal electrodes or carbon electrodes, typically with a redox marker present in the sample whose access to the electrode surface was hindered by a target molecule induced binding process at that surface, 6-9 which makes it possible to gain information on the concentration of the target compound in an indirect, amplified manner. As the name implies, this mimics the processes that occur at natural ion channel proteins.
Similar to natural ion channel proteins, the marker species in these cases are not redox active, but sample ions for which the membrane is selective. 10, 11 One early example includes the ion transfer at the interface of two immiscible electrolytes (ITIES) coated with layers of surfactants or phospholipids, altering the observed ion transfer current-voltage characteristics. 12, 13 In other work, chemically modified ion channels were fabricated to allow for affinity biorecognition, in which case the modulated zero current ion flux across the ion channels was monitored with potentiometric sensors. 14 In a more direct approach, biosensing components with lipophilic surfactant-like properties were incorporated in ion-selective membranes. The resulting self-assembled layer at the sample/membrane interface was shown to alter the interfacial ion transport characteristics, and was predominantly investigated by electrochemical impedance spectroscopy. 15 In this case, the low frequency range of the Nyquist plot is was altered as a consequence of a biorecognition process. 15 16 In this paper, a pulsed galvanostatic chronopotentiometric polymeric membrane ion sensor (socalled pulstrode) with biomaterial modified surface is investigated for surface affinity biosensing purposes. In this case, the binding event is expected to increase the energetics of the instrumentally imposed ion flux across the chemically modified sample-membrane interface. Early work with this general protocol has been performed on non-specific membrane coatings, including surfactants and polyelectrolyte layers. 17, 18 It was established that the technique is most sensitive to surface blocking events under conditions where a depletion of the marker ion in the aqueous phase boundary of the membrane is observed. 17, 19 This region is well characterized in the pulsed chronopotentiogram with the occurrence of a so-called superNernstian response slope. 19, 20 Related experiments using zero-current potentiometry to probe fluxes across biofunctionalized polyurethane membrane were met with only limited success, 21 likely because the ion fluxes were difficult to adjust with this passive technique. A more dynamic electrochemical approach such as the one utilized here is more beneficial to interrogate ion-channel mimetic membrane materials.
Any ion transfer blocking effect based sensing protocol is subject to the extent of the ion transport blockage, and a more sensitive measurement is expected if the effective area available for ion transfer is reduced. Track-etched nanoporous membranes commonly made of polycarbonate and poly(ethylene terephthalate) have been successfully explored for this purpose. 22 A heavy ion beam is used for membrane tracking and subsequent etching in concentrated hydroxide solution forms the desired pores. The pore diameter has been demonstrated to be linearly related to the etching time and the electrochemical monitoring of a single-sided etching process produces conically shaped pores. 23, 24 The characterization of nanopore membranes has been conducted by cyclic voltammetry, chronoamperometry and scanning electrochemical microscopy. [25] [26] [27] [28] The presence of an affinity bioreagent can substantially block the ion transport and decrease the frequency of ion transfer. 24, 29
Experimental Reagents
Avidin (from egg white) was purchased from Sigma. (+)-Biotinyl-3, 6, 9-trioxaundecanediamine (Amine-Biotin-PEO 3 ) was obtained from Pierce. 1,2-Dipalmitoyl-snGlycero-3-phosphoethanolamine-N-Biotinyl sodium salt (biotin lipid) was from Avanti Lipids. High molecular weight poly(vinyl chloride) (PVC), poly(vinyl chloride) carboxylated (PVC-COOH, 1.8% carboxyl content), 2-nitrophenyloctyl ether (o-NPOE), tetradodecylammonium tetrakis-(4-chlorophenyl)borate (ETH 500), tetrahydrofuran (THF), sodium ionophore tert-butyl calix [4] arene tetraacetic acid tetraethylester (Na-X), 2-(Nmorpholino)ethanesulfonic acid (MES) and all salts were purchased from Fluka Chemical Corp. (Milwaukee, WI). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and Trishydroxymethylaminomethane (Tris) were provided by Acros and J. T. Baker, respectively. Calcium ionophore N, N-Dicyclohexyl-N'-phenyl-N'-3-(2-propenoyl)-oxyphenyl-3-oxapentanediamide (AU-1) was synthesized in our laboratory. 30 Aqueous solutions were prepared by dissolving the appropriate salts in Nanopure-deionized water (18.2 MΩ cm). The track-etched hydrophilic polycarbonate nanopore membranes (pore density ρ = 4 × 10 8 pores/cm 2 , average pore diameter 2r = 100 nm and film thickness L = 6 µm) wetted with poly(vinylpyrrolidone) (PVP) were obtained from Sterlitech Corporation.
Biotin Modification
Two biotin derivatives were used in the two ways of biotin modification of the sensing membranes, respectively. One is (+)-Biotinyl-3, 6, 9-trioxaundecanediamine (Amine-Biotin-PEO 3 ), which was used in the biotin functional group covalent attachment to the membrane; the other is 1,2-Dipalmitoyl-sn-Glycero-3-phosphoethanolamine-N-Biotinyl sodium salt (biotin lipid), which was directly doped into the membrane matrix in the solvent casting process. For covalent attachment, first a regular sodium-selective or calcium-selective membrane was cast with THF cocktail containing 10 mmol/kg Na ionophore X or 20 mmol/ kg Ca ionophore Au-1, 10 wt.% lipophilic salt ETH 500, 1:2 (weight ratio) PVC and o-NPOE in a glass ring fixed on a glass plate by rubber bands. After the membrane (total mass about 220 mg) was completely dry, 8.06 mg PVC-COOH dissolved in 0.5 mL THF was poured onto the membrane surface, yielding an approximately 7-µm thick PVC-COOH film on the basis of the relative membrane masses used. A two-layer membrane formed after evaporation of THF. Amine-Biotin-PEO 3 was linked to PVC-COOH surface by using the procedure as following: 2% EDC (in ethanol) solution was first used to activate surface for about 5 min. Second, the solution was discarded and a mixture of 40 µL 1.9 mM EDC, 250 µL 3 mM AminoBiotin-PEO 3 and 1.5 mL 10 mM MES-NaOH buffer (pH = 5.36) were poured onto the membrane (EDC and Amino-Biotin-PEO 3 were also dissolved in the same MES buffer) and stirred for 2 h. Third, the membrane was washed with MES-NaOH buffer and air-dried. To dope the biotin lipid, a biotin layer was spin-coated on the regular ion-selective membrane surface by using 100 µL cocktail containing 0.29 mg biotin lipid, 0.31 mg Na ionophore X, 46.48 mg PVC, 97.82 mg o-NPOE and 1.5 g THF.
Electrodes
The ion-selective membranes were cut with a cork borer (6-mm diameter) from the parent membrane and incorporated into Philips electrode bodies (IS-561, Glasbläserei Möller, Zürich, Switzerland). The inner solution consisted of 0.1 M NaCl and was contacted with an internal Ag/AgCl electrode. The electrodes were conditioned overnight before experiments in a solution identical to the inner filling solution. A double-junction Ag/AgCl electrode with 1 M LiOAc bridge electrolyte was used as an external reference electrode.
Experimental Setup
Chronopotentiometry measurements were conducted in a three-electrode cell system where the Philips body electrode acted as a working electrode and the external reference electrode and counter electrode (platinum wire) were immersed into the sample. The pulsed galvanostatic/potentiostatic technique was utilized in the control of the ion-selective membrane, which was described in detail elsewhere. 20, 31 The chronopotentiometry experiments were performed with an AFCBP1 bipotentiostat (Pine Inst., Grove City, PA) controlled by a PCI-MIO-16E4 interface board and LabVIEW Software (National Instruments, Austin, TX) on a Macintosh computer. Prior to the experiment, the operation of the first electrode output of the bipotentiostat (K1) was switched to current control with potentiostatic control of output of second working electrode (K2). To apply the current pulse, the working electrode was connected to the K1 output via an analog switch controlled by external software.
When the baseline potential between current pulses was applied, the working electrode was connected to the K2 output. During the experiments, each applied constant current pulse (of 0.5-s duration) was followed by another constant zero current pulse (of 0.5-s duration), then a constant potential pulse (of 25-s duration) was added. Sampled potentials, which represented the sensor response, were obtained as the average value during the last 50 ms of each current pulse.
Avidin assembly
Avidin was deposited onto the electrode membrane surface by immersing the membrane on the electrode in the avidin solution for 2 min under stirring and 10 min under non-stirring. Subsequently, the electrode surface was rinsed with the same buffer before electrochemical measurement. All solutions were buffered to pH 7.4 with 1 mM Tris-HCl buffer in 10 mM magnesium nitrate background.
Electrochemical impedance spectroscopy measurement
All EIS studies were undertaken using a Princeton Applied Research Parstat 2273 instrument. Experimental control and data acquisition were performed by using a personal computer running the PowerSINE software. EIS spectra were collected when using A.C. amplitude of ±10°mV rms and a frequency range of 100kHz-100mHz.
Cyclic voltammetry measurement
Cyclic Voltammetry measurements were conducted in a traditional three-electrode cell same as in chronopotentiometric experiments with CH 910 bipotentiostat (CH Instruments InC., Austin, TX) at ambient temperature. All samples contained 1 mM sodium chloride as background electrolyte.
Results and Discussion
Chemical modification and biofunctionalization of ion-selective membranes were reported earlier for enzymatic sensors in order for the incorporated enzymes to produce the ions that could be sensitively detected by the membrane. 32 The direct immobilization of enzymes such as urease on ion-selective membranes was realized via chemical reaction of the amino acid units of the enzymes to either carboxylic or amine groups of the polymer membrane matrix or to activated cellulose triacetate with the assistance of carbodiimide or glutaraldehyde. 33-35 Here, we aimed at introducing biotinylated functionality on the polymeric membrane surface in order to selectively bind avidin from the sample. A first attempt explored the spontaneous assembly of a lipophilic biotin lipid layer on top of a chemically unmodified ion sensing membrane, which gave poorly reproducible results (data not shown). It was therefore decided to use a covalent binding approach, by reacting Amine-Biotin-PEO 3 and carboxylated PVC in the presence of EDC catalyst, anticipating that the PEO segments in the biotin ligand could help decrease the effect of non-specific adsorption. The second method was found to be more robust and stable and was utilized in the following experiments unless noted otherwise. Figure 1 illustrates the impedance spectra of the sodium-selective electrodes with and without biotin functionalization on the membrane surface. After the membrane was treated with avidin solution, an increase in both the so-called Warburg impedance and phase shift were observed, no matter whether or not the membrane surface was modified with biotin ligand. This is in accordance with previous observations on ion-selective membranes that were coated by surfactants or polyelectrolytes. 17, 18 The difference between biotin modified and unmodified membranes can be clearly observed, however. First, the bulk membrane resistance before avidin reaction is larger for the biotinylated membrane, see the enlarged semicircle in the high frequency range of the Nyquist plot (see also 36 ). Only two semicircles can be distinguished in Figure 1 , because the semicircles only represent the bulk membrane resistance if the ionic strength of aqueous solution is not very low. Here, the bigger semicircle denotes the experiments with biotin-modified membrane and the smaller semicircle signifies the experiments using membranes without biotin modification. Second, the impedance response to avidin is more significant for the biotinylated membrane. Third, the impedance response gradually decreased upon washing with buffer solution for unfunctionalized membranes, but was found to be very stable and independent of washing steps with the biotinylated surface. This is suggestive of the strong interaction between avidin and the biotin linked membrane.
Such difference can also be demonstrated in pulsed chronopotentiometric experiments. As shown in Figure 2 , if the membrane is not modified with biotin, the potential change upon successive addition of sodium chloride to 10 mM magnesium nitrate (pH 7.4) does not exhibit a significant difference after the membrane is treated in avidin solution, suggesting a low coverage of the membrane surface by the protein molecules. In contrast, a much larger chronopotentiometric response is observed for the biotinylated membrane surface, see Figure  3 . This suggests that the surface bound protein coverage is enhanced significantly via strong biotin-avidin interactions, which leads to a more effective blocking of the sodium ion flux across the sample/membrane interface.
In Figure 3 , sodium chloride was successively added to the sample containing 10 mM magnesium nitrate at pH 7.4, and this experiment was repeated after the electrode membrane was treated with 1 mL of 0.18 mg/mL avidin solution (with the same buffer) for 12 min and subsequent rigorous buffer washing. The ion transfer blocking effect is most prominent in the so-called super-Nernstian concentration range around 1 mM sodium, which is indicative of sodium ion depletion in the vicinity of membrane surface induced by the cathodic current pulse. A two-layer sandwich membrane with a top layer doped with biotin lipid showed a similar effect (data not shown). Compared to the response of sodium-selective electrodes made up of unmodified membrane, the position of the super-Nernstian step from biotin functionalized membrane before avidin treatment shifted to higher sodium concentrations by about 1 order of magnitude, 17 probably because of the hindrance from the additional biotin layer.
Note, however, that not all ions could be applied as markers to monitor the protein blocking effect. When a calcium-selective membrane with a top layer incorporated with biotin lipid was utilized, the potential response to calcium ions did not significantly change upon protein exposure, even though all other parameters were kept same (data not shown). This may be explained by the possible interaction of calcium ions and the carboxyl groups in the protein, which may result in two competing effects: the surface coverage by avidin may reduce the flux as intended, but the calcium complexation by the same protein may facilitate the ion transfer. This is supported by the observation of improved calcium ion transport in the presence of an outermost layer of poly(acrylic acid) layer on the surface of a calcium-selective membrane. 18 Therefore, the overall effect of the protein layer for calcium ion transfer is difficult to predict.
It may be part of the reason why it's difficult for biotin immobilized polyurethane calciumselective membrane to show a clear response to the presence of streptavidin in earlier work by Pretsch et. al.. 21 The sodium ion blocking effect induced by protein coverage may be used to quantitatively determine the concentration of protein present in the sample, as illustrated in Figure 4 . For each point, the potential was first recorded before contact with avidin solution, and the electrode was washed with buffer then immersed into the avidin solution for 12 min. The electrode was subsequently washed again with buffer to remove excess protein and the potential was recorded again in the original protein-free sample. The reaction time of protein and membrane was chosen to be 12 min, which was determined by the potential monitoring of sequential conditioning of membrane in 1 mL of 0.1 mg/mL avidin solution with 2 min increments when the measuring sample contained 1 mM sodium chloride and 10 mM magnesium nitrate in Tris buffer. It takes about 10 min for the potential to become stable, and an incubation time of 12 min was selected for further work. Figure 4 demonstrates the gradual potential drop upon increased protein concentration with a measuring range of about 1.5-10 µg·mL −1 .
In this approach, the sensitivity is dependent on the surface coverage of the protein molecules. Theoretically, reducing the surface area and achieving a more effective hemispherical diffusion pattern may lower the detection limit and make the measurement more sensitive. Nanopore membranes are utilized in resistive pulse sensors for monitoring proteins and DNA, 24, 29 and potentiometric protein detection has been demonstrated in combination with gold plated nanopore membranes with modified inner walls exhibiting protein affinity. 14 Here, a two-layer membrane was explored for sensing purposes. The top layer was a poly(vinylpyrrolidone) (PVP) wetted hydrophilic track-etched polycarbonate nanopore membrane without any sensing component while the bottom layer was the biotin modified sodium-selective membrane described above. The purpose of this assembly was to reduce the effective membrane area to the net pore area, while keeping the recognition chemistry unchanged relative to the approach described above.
The electrochemical response of membrane modified electrodes has been studied at metal/ electrolyte as well as two immiscible electrolytes interfaces. 27, 28 The electrochemical behavior is usually explained as a microelectrode array, having either an inlaid or recessed surface, depending on how the membrane electrode is assembled. 27, 28 The most common technique to characterize such electrodes is cyclic voltammetry, and the relationship between the limiting current and the electrode geometry has been derived. If the membrane electrode behaves as an inlaid microelectrode array, the limiting current can be described as: 28 (1) While for a recessed microelectrode array, the limiting current will follow: 28 (2) Where ρ is the porosity of the nanopore membrane (pore/cm 2 ), A is the entire membrane area, and z, D, c are the charge, the diffusion coefficient and the bulk concentration of transferring ions, respectively; r and L represent the average pore radius and the recess length, as shown in Scheme 1. 27, 28 According to the two equations above, a linear relationship is expected between the limiting current and the aqueous bulk concentration of active ions if the ion diffusion in the aqueous sample is the rate-limiting step. Figure 5A shows cyclic voltammograms of calcium-selective membranes with and without nanopore membrane cover in a sample containing 30 µM calcium chloride and 1 mM sodium chloride at a scan rate of 10 mV/s. Without nanopore membrane, the negative potential induced calcium ion transport in direction of the membrane gives a current peak at about −0.12 V, indicating calcium ion depletion at the membrane surface, while the peak for the reverse scan at about 0 V may denote the calcium ion transferring from the membrane back to the aqueous sample. A second peak at −0.28 V may originate from the transport of background sodium ions, since this peak also appears in the voltammogram for sodium chloride background alone (data not shown).
When the sensing membrane is covered with the nanopore membrane, the peaks disappear and the limiting current for calcium mass transport is about 0.39 µA, likely indicating the radial diffusion kinetics at the opening of the pores. The calculated relationship between limiting currents and calcium concentrations for inlaid and recessed microelectrode arrays are illustrated in Figure 5B , together with the experimental results. In the calculation, the values of ρ, r and L are as provided by the membrane manufacturer, and D is chosen as 10 −5 cm/s 2 , a typical diffusion coefficient for small ions in aqueous solution. The experimental results correspond well to the theoretical predictions for recessed electrodes for concentrations lower than 50 µM. A flattening of the current is observed for higher concentrations, suggesting that the limiting step shifts to the diffusion in the membrane phase.
It is also possible to characterize the nanopore membrane electrodes in pulsed chronopotentiometric measurements. The selectivity of such pulstrodes can be switched from primary ions to more lipophilic electrolyte if the applied current density is sufficiently high, because the current controlled ion flux can be set to overwhelm the mass transport of ionophore. 20 Since it is the current density that determines the ion flux, the smaller active electrode area may require less current to complex all available ionophore. Figure 6 presents the comparison of ionophore depletion experiments for sodium-selective electrodes in 10 mM sodium chloride solution with and without nanopore membrane coverage. The regular membrane shows a total ionophore depletion at about 36 µA while for nanopore modified membrane, the saturation of ionophore occurs at about 3 µA. The ratio of the saturation currents (about 12) is smaller than the ratio of effective membrane areas (about 33), likely due to the multi-dimensional diffusion kinetics in the organic phase for nanopore membranes.
The same experiment as in Figure 4 was conducted to measure the amount of avidin deposited on a nanopore modified biotin linked membrane and the result is shown in Figure 7 . The measuring range for avidin shifts to significantly lower concentration compared with the regular biotin linked membrane, from about 1.5-10 µg·mL −1 to 0.1-1 µg·mL −1 . The magnitude of this shift correlates well with the ratio of the effective membrane area, suggesting an improved detection limit owing to the nanopore membrane modification and a low level of non-specific protein adsorption on the nanopore membrane surface. In this comparison, the potential was sampled at the end of a zero current pulse immediately after the applied current pulse 37 in order to eliminate the influence of nanopore membrane resistance on the sensor response. Note that compared with Figure 4 (without nanopore membrane), the total potential drop for avidin sensing is decreased significantly with the nanopore membrane. The reason for this is not completely clear, but may be related to an incomplete surface coverage of avidin at high concentrations, which may be due to the constriction afforded by the nanopore membrane or a an imperfect sealing between the nanopore membrane and the underlying ion sensing polymer membrane.
Conclusions
A pulsed chronopotentiometric ion sensor (pulstrode) has been applied to explore the concept of ion channel mimetic sensing on polymeric membranes, using an avidin-biotin interaction as a model system. The bio-affinity between the protein in the sample and the biotin group covalently attached to the membrane results in the accumulation of protein on the sensor surface that could not be washed away. Using membranes that are selective to sodium ions as marker ions in this ion channel mimetic approach, a large potential drop in the so-called superNernstian step of the chronopotentiometric calibration curve was observed. The response is attributed to the partial blocking of the instrumentally controlled ion flux in the vicinity of the membrane. The potential drop can be employed to measure the protein concentration and the specificity of the protein-sensor interaction is demonstrated by the comparison of impedance spectra of biotinylated and un-biotinylated ion-selective membranes. The lower detection limit for protein detection is improved by assembling a hydrophilic nanoporous thin film on top of the sensor surface in order to reduce the effective membrane surface area that is available to protein loading. Such nanopore membrane modified electrodes are characterized by pulsed chronopotentiometry and cyclic voltammetry, supporting the recessed nanoelectrode array model. The protein measuring range upon nanopore membrane modification is shifted to lower concentration by more than one order of magnitude, and this shift is in accordance with the change in active surface area. The lower detection limit for protein sensing may be further reduced by decreasing pore density and size of the nanopore membrane. The sensing strategy explored here may be a promising platform for bioaffinity sensing, such as the sensing based on antibody-antigen and sugar-lectin interactions. The measuring sensitivity could be expected to increase if the target biomolecules have higher charge densities. A key challenge lies in the non-specific adsorption of the sensing polymer membrane, which might be a bottleneck in real applications when complex samples may foul the membrane surface. This problem may be diminished by using polymers with lower non-specific adsorption properties such as cellulose triacetate 32 or adequate surface pretreatment. 38, 39 Comparison of electrochemical impedance (A) Nyquist plots and (B) Bode plots for sodiumselective membranes in 10 mM magnesium nitrate and 1 mM Tris-HNO 3 buffer (pH 7.4) before (dashed line) and after (solid line) avidin treatment and multiple washing steps. Pulsed chronopotentiometric sodium response of a sodium-selective membrane without biotin attachment sampled at the end of a 0.5 s cathodic current pulse (current density is 0.4 µA/ mm 2 ), in a background solution of 10 mM magnesium nitrate and 1 mM Tris-HNO 3 buffer (pH 7.4). Pulsed chronopotentiometric sodium response of a sodium-selective biotinylated membrane, sampled at the end of (A) a 0.5 s cathodic current pulse (current density is 0.4 µA/mm 2 ) and (B) a 0.5 s zero current pulse imposed immediately after the cathodic current pulse. Background solution as in Figure 2 . Pulsed chronopotentiometric response of a sodium-selective biotinylated membrane, sampled at the end of a 0.5 s zero current pulse, to varying concentrations of avidin (in units of mg·mL −1 ). The sample contained 1 mM sodium chloride in an electrolyte background as in Figure 2 . Pulsed chronopotentiometric response of sodium ionophore depletion measurements with and without nanopore membrane modification. The sample contained 10 mM sodium chloride. Pulsed chronopotentiometric response of a sodium-selective biotinylated membrane covered with a hydrophilic nanopore membrane, sampled at the end of a 0.5 s zero current pulse, to varying concentrations of avidin (in units of mg·mL −1 ). The measuring sample contained 10 mM sodium chloride, 10 mM magnesium nitrate and 1 mM Tris-HNO 3 buffer (pH 7.4).
Scheme 1.
Schematic configuration of the nanopore membrane modified aqueous/membrane interface.
